This work investigated quality properties of pellets of raw cassava rhizome (P-RC), pellets of pelletized cassava rhizome followed by torrefaction (T-CP), and pellets of torrefied cassava rhizome followed by pelletizing (P-TC). Torrefaction was conducted at temperatures of 230, 250, and 280 °C for 30 min. Pyrolysis characteristics of T-CP and P-TC at torrefied temperatures of 230 and 250°C were studied using thermogravimetric analysis. It was found that at the similar torrefied temperature, P-TC had a higher bulk density, energy density, and pellet durability than that of T-CP and P-RC while T-CP had a higher HHV and moisture absorption than P-TC and P-RC. The bulk density of P-TC was 1.13?1.19 and 1.33?1.52 times higher than that of P-RC and T-CP, respectively. The HHV of T-CP was 1.07 and 1.29 times higher than P-TC and P-RC, respectively. The energy density of P-TC was 1.24?1.56 and 1.20?1.41 times higher than that of P-RC and T-CP. In terms of Pellet Fuel Institute (PFI) standard, the durability index of P-RC, P-TC, and T-CP at torrefied temperatures of 230 and 250 °C was acceptable. However, dramatically low and unacceptable durability index was found in case of T-CP at torrefied temperature of 280 °C. The moisture absorption of P-TC was lower than that of P-RC and T-CP. Finally, T-CP had a lower pyrolysis temperature and had a much lower solid yield than that of P-TC. Variation of pyrolysis characteristics indicated the difference in chemical composition between T-CP and P-TC.
Introduction
Nowadays, pelletizing is known as a process for biomass properties improvement [1] . Biomass pellets has higher bulk density and energy density while lower moisture content than that of untreated biomass [2] [3] [4] [5] [6] [7] . Nevertheless, biomass pellets have many drawbacks as same as untreated biomass such as high water absorption, biodegradation, and high volatile content. To eliminate these disadvantages, biomass torrefaction is conducted. In comparison with untreated biomass and biomass pellets, torrefied biomass has lower moisture and volatile content while higher value of higher heating value (HHV) [8] [9] [10] [11] [12] [13] [14] . Its hydrophobic characteristic is also improved [15] [16] [17] [18] . However, bulk density and energy density decrease after torrefaction. Therefore, applying both pelletizing and torrefaction to biomass is the most suitable way to improve biomass properties. They can be applied to biomass in two pathways: Torrefaction and subsequently pelletizing, and pelletizing and subsequently torrefaction [19] .
For the first pathway, biomass is torrefied before loaded to hammer mill for size reduction. Finally, the torrefied biomass particle is pelletized. Compared to untreated biomass pellets, pellets of torrefied biomass followed by pelletizing had lower moisture content [20, 21] and moisture uptake [17, 22, 23] while higher HHV [19, 20] . Studies on pelletizing of torrefied biomass by means of single pellet press with constant maximum force were conducted. The pellets produced by the first pathway had a lower density compared to untreated biomass pellets. The increase of torrefaction temperature decreased their density [17, 23] . On the contrary, the studies on pelletizing using rotary pellet mill indicated that pellets of this pathway were comparable to the untreated biomass pellets in bulk density [21] and the higher density was reported [19] . The energy required for pelletizing of torrefied biomass was higher than that of untreated biomass [21] .
For the second pathway, biomass was reduced in its size. Later, the biomass particle was pelletized. Finally, biomass pellets were torrefied and cooled. Compared to the untreated biomass pellets, the pellets of pelletized biomass followed by torrefaction had lower moisture content, pellet density, energy density, and durability while higher HHV [24] [25] [26] . In addition, comparison between the pellets produced by the first and second pathway was conducted at torrefied temperature of 260 • C for 15 min [19] . Pellets of the second pathway had higher HHV and stability in water but had lower density and durability. In terms of energy efficiency, the second pathway was more efficient than the first pathway.
Although properties of pellets produced from both pathways had been studied, the study on properties comparison in wide range of torrefied temperature is insufficient. Moreover, there is no certainty of evidence on thermal degradation characteristic of both pellets when they are undergoing pyrolysis. This investigation is necessary for utilization of both pellets. In this work, the pellets of torrefied cassava rhizome followed by pelletizing (P-TC), the pellets of pelletized cassava rhizome followed by torrefaction (T-CP), and the pellets of raw cassava rhizome (P-RC) were produced. Properties comparison of T-CP, P-TC, and P-RC was conducted. Finally, the thermogravimetric analysis of T-CP and P-TC in case of pyrolysis was investigated.
Experimental Procedure and Analysis

Raw Materials
Cassava rhizome (Manihot esculenta species) was gathered from Ratchaburi Province. It was ground into the particle size of 5 mm. Prior to pelletizing and torrefaction, the ground cassava rhizome was dried in a hot air oven to control its moisture content at 8 ± 2 %(wb). After drying, it was left to cool at room temperature in desiccators and kept in airtight plastic containers.
Pellets of Raw Cassava Rhizome (P-RC)
Prepared cassava rhizome was pelletized using flat die pellet mill (KL200B) with rotating speed of 278 rpm. Outside diameter and thickness of flat die were 199.5 and 27 mm, respectively. There were 116 holes on each die, and each die hole had a diameter of 6.5 mm. Water was added into prepared cassava rhizome to control its moisture content at 12 ± 2 %(wb). Prepared cassava rhizome was allowed to pass the die hole only once to produce P-RC. After pelletizing, P-RC was allowed to cool for 24 h. Finally, fines on P-RC surface was removed by air blower and P-RC was kept in airtight plastic bags. P-RC was divided into two parts. One was used for properties analysis and the other was for T-CP preparation.
Pellets of Torrefied Cassava Rhizome Followed by Pelletizing (P-TC)
Prepared cassava rhizome was torrefied in fixed bed torrefaction reactor. In heating period, the heating rate was controlled at 20 • C/min. Torrefied temperatures were 230, 250, and 280 • C. It was found from preliminary test of pelletizing condition that it was impossible to pelletize torrefied cassava rhizome of which residence time longer than 30 min. To avoid the use of additional binder and its effect on properties of produced pellets, the residence time for torrefaction was controlled at 30 min. After torrefaction, torrefied cassava rhizome was pelletized in flat die pellet mill. Pelletizing of terrified cassava rhizome was controlled at the similar condition of P-RC production. 
Pellets of Pelletized Cassava Rhizome Followed by Torrefaction (T-CP)
To produce T-CP, the P-RC was torrefied at the temperatures of 230, 250, and 280 • C and residence time of 30 min.
Properties of P-RC, P-TC, and T-CP
The bulk density was determined in accordance with ASTM E873. The bulk density (ρ bulk ) can be calculated by dividing the mass of pellet bulk (m) with its volume (V), as shown in the following equation:
The higher heating value (HHV) of pellet sample was measured using bomb calorimeter according to ASTM D5865-07. The sample was dried and pulverized to pass 250-µm sieve. Later, one gram of sample was placed into the sample holder. To prepare the bomb, water of 1.0 mL was added into bomb and the sample holder was placed inside the bomb. Then, oxygen was charged into the bomb until consistent pressure of 2 MPa was reached. To measure the combustion heat, 2000 mL of water at 23.0 • C (2.0 • C below the room temperature) was filled into the bucket. After placing the bomb in the bucket, it was placed in the insulation jacket. The stirrer was started for 5 min to attain equilibrium. The temperature of water in the bucket was recorded at 1-min intervals for 5 min. After that, the bomb was ignited. Because of the rapid rise in temperature, the water temperature was recorded at 0.5 min and 1 min after firing. The water temperature was recorded at 1-min intervals until the constant temperature was observed for 5 min. To determine the correction factors, the bomb lid was opened and the length of unburnt ignition wire was recorded. Finally, the interior of the bomb was washed with distilled water containing the titration indicator. Washing water was titrated with standard sodium carbonate solution.
To measure the moisture absorption, the pellet sample was dried into hot air oven at temperature of 105 ± 1 • C for 24 h. Then, it was placed in humidity chamber for 5 h. The temperature and relative humidity inside the chamber were kept at 30 • C and 90%. Mass of pellet sample was weighted by a digital balance with a readability of 0.01 g every 10 min for the first hour and every 30 min until the test was over.
The durability index of pellet sample was measured in accordance with PFI standard [27] . Pellet sample of 500 g was filled into the testing box of 305 × 140 × 305 mm. One metal blade with 230 mm in length was installed inside the box. When the box rotated with rotating speed of 50 rpm for 10 min, this blade hit the pellet sample. Later, fines generated during box rotation were separated from pellet sample by 1/8-inch sieve. The mass of the residual pellet sample (m residual ) was weighted. Since the initial mass of pellet sample (m initial ) was identified, the pellet durability index (PDI) of sample can be calculated by the following equation:
Pyrolysis Characteristics
Pyrolysis characteristics of P-TC and T-CP were observed using thermogravimetric analyzer. Sample mass of 10 mg was distributed in an open pan. The temperature was varied from 30 • C to 800 • C with heating rate of 20 • C/min. Nitrogen with flow rate of 100 mL/min was used to generate inert atmosphere during pyrolysis.
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Result and Discussion
Bulk Density
Properties of P-RC, P-TC, and T-CP were summarized as shown in Table 1 . At the torrefaction temperatures of 230, 250, and 280 • C, the bulk density of P-TC was 777.28 ± 20.15, 762.43 ± 3.69, and 739.69 ± 5.76 kg/m 3 , respectively while the bulk density of T-CP was 583.26 ± 38.97, 559.68 ± 15.98, and 486.30 ± 17.98 kg/m 3 , respectively. The bulk density of P-RC was 653.56 ± 17.90 kg/m 3 . Because of short residence time, the slight decrease in bulk density was found both in P-TC and T-CP when the torrefied temperature was increased ( Figure 1 ). The bulk density of P-TC was 1.13-1.19 and 1.33-1.52 times higher than that of P-RC and T-CP, respectively. By average, bulk density of P-TC was 1.41 and 1.16 times higher than T-CP and P-RC, respectively ( Figure 2 ). The bulk density of P-TC was the highest while bulk density of T-CP was significantly lower than that of P-RC. This result is in agreement with the previous work [19, 24] . The difference in bulk density between P-TC and P-RC can be explained by brittleness and friction coefficient of materials. The brittleness of raw cassava rhizome was less than that of its torrefied char [28, 29] . When torrefied cassava rhizome was fed into rotary pellet mill, it was ground again before moving into die holes resulting in smaller particle size than that of raw cassava rhizome. The decrease in particle size of torrefied one caused the increase of its surface area. In addition, torrefied char had higher friction coefficient than that of raw biomass [20, 23] . When torrefied char particle moved into die holes, large friction force was generated due to motion resistance between surface area of torrefied char and wall of die hole. To overcome this friction, the torrefied char in die hole was compressed with high pressure and temperature resulting in high density in pellets. In contrast, the surface area and friction coefficient of raw cassava rhizome were less than that of its torrefied char. Lower friction, pressure, and heat were generated resulting in lower of pellet density. To confirm this explanation, the specific energy consumption (SEC) for pelletizing of raw cassava rhizome and its torrefied char were recorded and shown in Table 2 . It has been known that high friction in die holes caused high torque to drive the pellet mill. As electrical motor was used as mill driver, the higher specific electrical energy consumption was found when the higher torque was needed. From Table 2 , the SEC of raw cassava rhizome was lower than that of torrefied char. This result indicated that higher torque was needed for torrefied char pelletizing, in other words, higher friction was generated. Therefore, P-TC had a higher bulk density compared to P-RC because torrefied char (material for P-TC production) had higher brittleness and friction coefficient than that of raw cassava rhizome (material for P-RC production). In case of T-CP, mass loss from thermal decomposition of hemicellulose, partial cellulose and lignin generated numerous of small void inside pellets. These voids caused T-CP had a lower bulk density compared to P-TC and P-RC. Table 1 . Properties of pellets of raw cassava rhizome (P-RC), pelletizing (P-TC), and torrefaction (T-CP). 
P-RC
P-TC T-CP
230 • C 250 • C 280 • C 230 • C 250 • C 280 • C Bulk
Higher Heating Value
At the torrefied temperatures of 230, 250, and 280 • C, the HHV of P-TC was 17.56 ± 0.57, 19.24 ± 1.16, and 22.31 ± 0.92 MJ/kg, while HHV of T-CP was 18.63 ± 1.20, 20.54 ± 1.13, and 23.83 ± 0.99 MJ/kg, respectively. The HHV of P-RC was 16.25 ± 0.45 MJ/kg ( Figure 3 ). The HHV of P-RC was the lowest, while the HHV of P-TC was slightly lower than that of T-CP at the same torrefied temperature. The HHV of P-TC was 1.08-1.37 times higher than that of P-RC and 0.94 times lower than that of T-CP ( Figure 4 ). By average, the HHV of T-CP was higher than P-TC and P-RC for 1.06 and 1.29 times, respectively. According to the previous work [30] , the HHV of raw cassava rhizome before being pelletized was 17.3 MJ/kg which was slightly different from that of P-RC, while torrefied char of cassava rhizome (at torrefied temperature of 280 • C and resident time of 20 min) had the HHV of 21.87 MJ/kg which was insignificantly different from the HHV of P-TC (at the same torrefied temperature and resident time of 30 min). It can be seen that pelletizing had no effect on the change in HHV of cassava rhizome and its torrefied char. This result can be explained by considering the biomass temperature in Processes 2019, 7, 930 6 of 12 a die of pellet mill and the onset temperature of biomass degradation. The die temperature at a stable operation of pelletizing was about 90 • C [31] while the torrefaction onset temperature was in range of 200-300 • C [9] . The die temperature was insufficient to generate thermal degradation of biomass, but only enough to allow lignin and hemicelluloses to exceed their glass transition temperature and flow into voids between adjacent particles resulting in binding of biomass particle. Thus, torrefaction did not take place and there was no change in HHV during pelletizing. degradation reaction onset temperature was considered. The mass loading was defined as mass of biomass per unit volume of reactor. The reaction onset temperature decreased when mass loading was increased [32] . As xylan loading decreased for 2.96 times from 14.5 mg/0.15 mL to 4.9 mg/0.15 mL, the reaction onset temperature slightly increased from 210 °C to 220 °C. (Many works used xylan as representative of hemicellulose in studies on thermal degradation [9, 32] ). In present work, the bulk density of P-RC was 653.56 kg/m 3 while the one of chopped cassava rhizome was 254 kg/m 3 which was 2.57 times lower. When both chopped cassava rhizome and P-RC were torrefied in the same reactor, the mass loading of P-RC was higher than that of the other one. Therefore, the reaction onset temperature of P-RC was slightly lower. It was known that the decomposition degree and the HHV of biomass were higher when the reaction onset temperature was lower. Thus the HHV of torrefied P-RC was slightly higher than that of torrefied char of chopped cassava rhizome. Since T-CP was produced by torrefaction of P-RC while P-TC was produced by pelletizing of torrefied cassava rhizome, the HHV of T-CP was slightly higher than that of P-TC. 
Energy Density and Durability Index
At torrefied temperatures of 230, 250, and 280 °C, the energy density of T-CP was 10.92, 11.50, and 11.77 GJ/m 3 , respectively, while that of P-TC was 13.13, 14.97, and 16.55 GJ/m 3 , respectively. The energy density of P-RC was 10.62 GJ/m 3 ( Figure 5 ). The energy density of P-TC was highest, while energy density of T-CP was slightly higher than that of P-RC. The energy density of P-TC was 1.24-1.56 and 1.20-1.41 times higher than that of P-RC and T-CP, respectively ( Figure 6 ). The energy density was generally used to evaluate logistic cost of fuel. The higher energy density led to a lower logistic cost. The result indicated that P-TC was the most suitable form in terms of logistic. Although energy density of T-CP was comparable to P-RC, T-CP might be more suitable than P-RC due to the higher HHV of T-CP. Although pelletizing process did not affect the change in HHV, it caused a HHV difference between P-TC and T-CP. In present work, the HHV of T-CP was slightly higher than that of P-TC at the same torrefied temperature. To explain this result, relationship between mass loading and degradation reaction onset temperature was considered. The mass loading was defined as mass of biomass per unit volume of reactor. The reaction onset temperature decreased when mass loading was increased [32] . As xylan loading decreased for 2.96 times from 14.5 mg/0.15 mL to 4.9 mg/0.15 mL, the reaction onset temperature slightly increased from 210 • C to 220 • C. (Many works used xylan as representative of hemicellulose in studies on thermal degradation [9, 32] ). In present work, the bulk density of P-RC was 653.56 kg/m 3 while the one of chopped cassava rhizome was 254 kg/m 3 which was 2.57 times lower. When both chopped cassava rhizome and P-RC were torrefied in the same reactor, the mass loading of P-RC was higher than that of the other one. Therefore, the reaction onset temperature of P-RC was slightly lower. It was known that the decomposition degree and the HHV of biomass were higher when the reaction onset temperature was lower. Thus the HHV of torrefied P-RC was slightly higher Processes 2019, 7, 930 7 of 12 than that of torrefied char of chopped cassava rhizome. Since T-CP was produced by torrefaction of P-RC while P-TC was produced by pelletizing of torrefied cassava rhizome, the HHV of T-CP was slightly higher than that of P-TC.
At torrefied temperatures of 230, 250, and 280 • C, the energy density of T-CP was 10.92, 11.50, and 11.77 GJ/m 3 , respectively, while that of P-TC was 13.13, 14.97, and 16.55 GJ/m 3 , respectively. The energy density of P-RC was 10.62 GJ/m 3 ( Figure 5 ). The energy density of P-TC was highest, while energy density of T-CP was slightly higher than that of P-RC. The energy density of P-TC was 1.24-1.56 and 1.20-1.41 times higher than that of P-RC and T-CP, respectively ( Figure 6 ). The energy density was generally used to evaluate logistic cost of fuel. The higher energy density led to a lower logistic cost. The result indicated that P-TC was the most suitable form in terms of logistic. Although energy density of T-CP was comparable to P-RC, T-CP might be more suitable than P-RC due to the higher HHV of T-CP. 
At torrefied temperatures of 230, 250, and 280 °C, the energy density of T-CP was 10.92, 11.50, and 11.77 GJ/m 3 , respectively, while that of P-TC was 13.13, 14.97, and 16.55 GJ/m 3 , respectively. The energy density of P-RC was 10.62 GJ/m 3 ( Figure 5 ). The energy density of P-TC was highest, while energy density of T-CP was slightly higher than that of P-RC. The energy density of P-TC was 1.24-1.56 and 1.20-1.41 times higher than that of P-RC and T-CP, respectively ( Figure 6 ). The energy density was generally used to evaluate logistic cost of fuel. The higher energy density led to a lower logistic cost. The result indicated that P-TC was the most suitable form in terms of logistic. Although energy density of T-CP was comparable to P-RC, T-CP might be more suitable than P-RC due to the higher HHV of T-CP. Beside energy density, the durability index was also a major criterion for consideration. It represented quantity of fines generated during transportation. The high durability index means low amount of fines was generated. The durability index of P-RC was 98.09 ± 1.02%. At torrefied temperatures of 230, 250, and 280 °C, the durability index of P-TC was 97.85 ± 0.61, 97.79 ± 0.48, and 97.24 ± 0.91%, respectively, while the one of T-CP was 96.81 ± 0.36, 96.29 ± 0.32, and 90.96 ± 0.82%, respectively (Figure 7) . According to the Pellet Fuel Institute (PFI) standard [27] , the acceptable value of durability index was in range of 95.0%-96.5%. In terms of this standard, P-RC, P-TC, and T-CP at torrefied temperatures of 230 and 250 °C was acceptable. However, dramatically low and unacceptable durability index was found in the case of T-CP, 280 °C. The high durability index was found for P-RC and P-TC because the natural binder melted and infused into space around particle during pelletizing. Since the amount of natural binder in torrefied cassava rhizome was lower than Beside energy density, the durability index was also a major criterion for consideration. It represented quantity of fines generated during transportation. The high durability index means low amount of fines was generated. The durability index of P-RC was 98.09 ± 1.02%. At torrefied temperatures of 230, 250, and 280 • C, the durability index of P-TC was 97.85 ± 0.61, 97.79 ± 0.48, and 97.24 ± 0.91%, respectively, while the one of T-CP was 96.81 ± 0.36, 96.29 ± 0.32, and 90.96 ± 0.82%, respectively (Figure 7) . According to the Pellet Fuel Institute (PFI) standard [27] , the acceptable value of durability index was in range of 95.0%-96.5%. In terms of this standard, P-RC, P-TC, and T-CP at torrefied temperatures of 230 and 250 • C was acceptable. However, dramatically low and unacceptable durability index was found in the case of T-CP, 280 • C. The high durability index was found for P-RC and P-TC because the natural binder melted and infused into space around particle during pelletizing. Since the amount of natural binder in torrefied cassava rhizome was lower than that in raw cassava rhizome, P-TC had a lower durability index than P-RC. It was noted that poor durability index was reported for the torrefied temperature of 300 • C and residence time of 16.5 min [21] . Thus, P-TC had a good durability index only in a narrow range of torrefied time and temperature. In case of T-CP, its inter-particle bonding was destroyed during torrefaction due to thermal degradation of natural binder. The severe destruction from effect of torrefaction temperature was found in T-CP, 280 • C. Therefore, the large amount of fines was released when T-CP was broken, resulting low durability index. When consideration was done using both energy density and durability index, it was clear that P-TC was the most suitable form for logistics. T-CP was also suitable when it was produced with suitable torrefied time and temperature (30 min and less than 250 • C).
Beside energy density, the durability index was also a major criterion for consideration. It represented quantity of fines generated during transportation. The high durability index means low amount of fines was generated. The durability index of P-RC was 98.09 ± 1.02%. At torrefied temperatures of 230, 250, and 280 °C, the durability index of P-TC was 97.85 ± 0.61, 97.79 ± 0.48, and 97.24 ± 0.91%, respectively, while the one of T-CP was 96.81 ± 0.36, 96.29 ± 0.32, and 90.96 ± 0.82%, respectively (Figure 7) . According to the Pellet Fuel Institute (PFI) standard [27] , the acceptable value of durability index was in range of 95.0%-96.5%. In terms of this standard, P-RC, P-TC, and T-CP at torrefied temperatures of 230 and 250 °C was acceptable. However, dramatically low and unacceptable durability index was found in the case of T-CP, 280 °C. The high durability index was found for P-RC and P-TC because the natural binder melted and infused into space around particle during pelletizing. Since the amount of natural binder in torrefied cassava rhizome was lower than that in raw cassava rhizome, P-TC had a lower durability index than P-RC. It was noted that poor durability index was reported for the torrefied temperature of 300 °C and residence time of 16.5 min [21] . Thus, P-TC had a good durability index only in a narrow range of torrefied time and temperature. In case of T-CP, its inter-particle bonding was destroyed during torrefaction due to thermal degradation of natural binder. The severe destruction from effect of torrefaction temperature was found in T-CP, 280 °C. Therefore, the large amount of fines was released when T-CP was broken, resulting low durability index. When consideration was done using both energy density and durability index, it was clear that P-TC was the most suitable form for logistics. T-CP was also suitable when it was produced with suitable torrefied time and temperature (30 min and less than 250 °C). 
Moisture Absorption
The moisture absorption of P-TC was lower than that of P-RC and T-CP, while T-CP at torrefied temperatures of 230 and 250 • C was comparable to P-RC ( Figure 8 ). This result is in good agreement with previous wok [19] . Many cracks were clearly seen on outer surface of T-CP ( Figure 9 ). Water vapor passed through these cracks resulting in higher moisture absorption of T-CP compared to P-RC during 0-90 min of testing. After this period, moisture absorption of T-CP at torrefied temperature of 280 • C was lower than that of P-RC because torrefaction with high temperature decreased the saturated moisture content, in other words, increased hydrophobicity. For T-CP of torrefied temperatures of 230 and 250 • C, moisture absorption was the highest values of the entire test because of the slight increase of hydrophobicity after torrefaction. The moisture absorption of P-TC was the lowest due to their close outer surface. Therefore, the moisture absorption depended on number of cracks on the outer surface of those pellets and its hydrophobicity. In summary, the P-TC was the suitable form in terms of storage while T-CP was likely akin to P-RC. saturated moisture content, in other words, increased hydrophobicity. For T-CP of torrefied temperatures of 230 and 250 °C, moisture absorption was the highest values of the entire test because of the slight increase of hydrophobicity after torrefaction. The moisture absorption of P-TC was the lowest due to their close outer surface. Therefore, the moisture absorption depended on number of cracks on the outer surface of those pellets and its hydrophobicity. In summary, the P-TC was the suitable form in terms of storage while T-CP was likely akin to P-RC. temperatures of 230 and 250 °C, moisture absorption was the highest values of the entire test because of the slight increase of hydrophobicity after torrefaction. The moisture absorption of P-TC was the lowest due to their close outer surface. Therefore, the moisture absorption depended on number of cracks on the outer surface of those pellets and its hydrophobicity. In summary, the P-TC was the suitable form in terms of storage while T-CP was likely akin to P-RC. 
Pyrolysis Characteristics
Pyrolysis process composed of two steps for both T-CP and P-TC (Figure 10 ). At the torrefied temperature of 230 • C, the first step of T-CP and P-TC was specified at the temperature range of 168.74 • C to 406.61 • C and 199.80 • C to 409.89 • C, respectively. DTG max of this step was 12.13%/min for T-CP and 8.36%/min for P-TC. The last step of T-CP and P-TC existed during 418.33 • C to 631.92 • C and 418.23 • C to 748.37 • C, respectively. T-CP has a lower solid yield (4.34%) compared to that of P-TC (14.30%). The similar trend was found at torrefied temperature of 250 • C (Figure 10b ). According to the previous reports, the hemicellulose and cellulose was decomposed at the temperatures range of 200-380 • C and 250-380 • C, respectively [33] while the lignin was decomposed during the temperature range of 200-650 • C [34] . At the first steps of both T-CP and P-TC, hemicellulose and cellulose content was decomposed. The lower peak temperature and higher DTG max of T-CP compared to P-TC indicated the difference in their chemical composition, in other words, there was a difference in decomposition mechanism during torrefaction. As a results, the hemicellulose and cellulose content of T-CP had lower thermal stability than that of P-TC. The higher DTG max of T-CP in the first step indicated higher reactivity than that of P-TC. Moreover, the lower in peak temperature of T-CP compared to P-TC at the second step confirmed the variation of their lignin content during torrefaction. To determine the kinetic parameters, the two-step separate kinetic scheme and the differential-form method of ABS with f i (α i ) = [1 − α i (T)] were used. The separation temperature (T sp ) and all parameters were shown in Table 3 . For the first step of decomposition, the activation energy and pre-exponential factor of both T-CP and P-TC were in range of 80.6-87.8 kJ/mol and 4.3 × 10 6 -2.7 × 10 7 min −1 , respectively. The values of the second step were in range of 43.6-80.8 kJ/mol and 3.5 × 10 1 -4.7 × 10 4 min −1 , respectively. Urych [35] reported that the activation energy and pre-exponential factor of coal pyrolysis were in range of 143.6-161.4 kJ/mol and 2.5 × 10 9 -5.5 × 10 10 min −1 , respectively. These values of coal were higher than those of T-CP and P-TC. In summary, the pyrolysis variation between T-CP and P-TC was resulted from the difference in their chemical composition. T-CP had lower thermal stability and higher reactivity than that of P-TC.
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In this work, comparison of T-CP, P-TC, and P-RC properties was conducted. Pyrolysis characteristics of T-CP and P-TC were also investigated. At the similar temperature, P-TC had a 
In this work, comparison of T-CP, P-TC, and P-RC properties was conducted. Pyrolysis characteristics of T-CP and P-TC were also investigated. At the similar temperature, P-TC had a higher bulk density, energy density, and pellet durability than that of T-CP and P-RC while T-CP had a higher HHV and moisture absorption than P-TC and P-RC. In terms of storage and logistic, P-TC was better than T-CP and P-RC. T-CP had a lower pyrolysis temperature and a quite lower solid yield than those of P-TC. Variation of pyrolysis characteristics indicated differences in chemical composition between T-CP and P-TC. This point led to characteristic differences when they were used in a real application including combustion and gasification. Further study on this point is necessary before reaching to a conclusion which pathway is more effective.
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